I. Introduction
Two years have elapsed since the second edition of the AFGL Trace Gas Compi1ation.l This compilation is a data bank of molecular absorption parameters appropriate to a broad spectrum of applications including calculation of high-resolution transmission and emission in planetary atmospheres, comparison with laboratory absorption cell measurements, and remote sensing and retrieval of profiles in the atmosphere. The Trace Gas Compilation is an extension to minor terrestrial infrared active atmospheric absorbers of the main AFGL Atmospheric Absorption Line Parameters Compilation2 that contains analogous data for the seven most significant atmospheric absorbers.
As with the previous edition,' several new molecular species have been added as well as additional bands and updates of the existing species. The major efforts incorporated into this new version include pure rotational transitions,3 trace absorbers significant in the far infrared, and sequence bands of significance in upper atmospheric photochemistry.
The new edition now encompasses twenty-one molecules summarized in Table I . The parameters and format of the compilation remain as before, i.e., each transition being cataloged in terms of the resonant frequency in vacuum cm-i, the line intensity in cm-'/molecule cmm2 at 296 K, the airbroadened halfwidth (HWHM) in cm-'/atm, the lower-state energy in cm-', the quantum identifications (vibrational, rotational, electronic level, hyperfine, and splitting designation if necessary to uniquely specify the transition), and the entry date, isotope, and molecule codes. Representative examples of the card image format of transitions are shown in Table II .
The data presently available on the compilation (edition of Sept. 1982) are summarized in Table III . The discussion in Sec. II outlines the additions and modifications that have been made for this latest edition. Primary sources are given for the new or modified parameters on the compilation, and it is requested that these be referenced when the data are used.
II. Discussion of New or Updated Data
The ground 211 state of nitric oxide (NO) pure rotation data from Ref. 3 have replaced the previous microwave transitions on the atlas. The molecular constants for NO were determined by fitting the spectrum of NO to the fine structure Hamiltonian of Amiot et a1.4 along with the hyperfine Hamiltonian of Meerts." The observed radio frequency lines used in the fit are' from Ref. 6 , and the observed millimeter lines used in the fit are from Jet Propulsion Laboratory measurements" by Pickett and Cohen. The accuracy of the line positions is generally better than 0.0005 cm-l, and the line intensities are accurate to -1%. The self-broadened halfwidths of Abels and Shaw7 have been added to the data. Because nitrogen has nuclear spin = 1, the data contain quantum numbers describing the hyperfine interaction.
To specify these transitions, a branch letter (P,Q,R) was chosen to indicate the change in nuclear spin quantum numbers along with the nuclear spin F" of the lower state. These appear before the Table  WC) ]. On this edition of the atlas, bands of both nitric oxide and the hydroxyl radical (see below) have been added that are expected to be seen in emission in the upper atmosphere in nonlocal thermodynamic equilibrium conditions.
The intensities have been calculated for equilibrium distribution at the 296 K standard; as a result, some intensities appear with very small exponents prior to scaling by subsequent upper atmospheric emission codes. A word of caution is thus in order for users of the compilations with computers incorporating small bit capacity/word-the intensity field should perhaps be read in a F6.3,1X,I3 format rather than the usual E10.3 and a decision made on the size of the exponent (13) .
. The X211 -X*IIAu = 1 sequence bands from (1-O) through (5-4) and the Av = 2 series from (2-O) through (6-4) of the principal isotope of nitric oxide have been calculated by Gillis and Goldman."
Hamiltonian constants are from Refs. 4, 9, and 10. In addition, the fundamental bands of 15N160 and 14N180 have been added to the compilation.
Hamiltonian constants for the isotopic bands are from Refs. 11 and 4, respectively. The eigenvectors were used to compute the intensities, and all bands involving u' 5 2 include A-doubling. For this edition, the combination band of sulfur dioxide (SOZ) was updated, and the hot band of the main isotope and combination band of the second most abundant isotope in the 4-pm region were added. The line positions and intensities for these bands were calculated by Pine and Dang-Nhu.'s Their line positions have a precision of -0.0005 cm-', and the accuracy of the intensities is of the order of 1%.
Recent diode laser measurementsI of intensities of the ~2 band of nitrogen dioxide (N02) led to an improved value of the total band intensity.
The line intensit.ies of this band were normalized in the latest atlas to the calculation of Devi et al. l7 * Pure rotation and rotation-inversion bands in the far infrared for ammonia (NH,) were added to the compilation.
The pure rotation transitions in the ground state of 14NH3 and 15NH3 and the rotation-inversion transitions in the u2 level of 14NH3 were completely reinvestigated. The absolute intensity formulation was reviewed in the case of rotation and rotation-inversion lines of molecules with CS symmetry. A reliable set of spectroscopic parameters was computed for more than 2000 lines between 0.2 and 0.5 cm-' in the microwave region3 and beyond 0.5 cm-' from a subset of the GEISA catalog's that met the intensity cutoff criterion (see Appendix A). The details concerning the far-infrared study are given in Ref. 19 .
Recently, Urban et aL20 remeasured the far-infrared spectrum of 14NH3 with O.OlO-cm-' resolution in the 35-27%cm-' range using a Fourier transform spectrometer.
They were able to assign the ground-state inversion-rotat,ion transitions of 14NH:1 up to J" = 13
In the region froh 8 to 32 pm a systematic study up and the lines of the inversion-rotation transitions in the to J" = 20 of the line parameters of the u2 band of '"NH;< u2 excited state up to J" = 11. We used their data up and '"NH;] and the ~VZ-V~ band of "NH:1 was underto J" = 13 and J" = 11 in the ground and u2 states, retaken."l (The v:! parameters of the main isotope, spectively, to improve the line positions given in Ref.
however, were not altered from the 1980 version).' The 19.
recent results of Urban et ~1,~~ combined with those of 23 for the hot band, were used to improve the line For the compilation of the line strengths of 11~ we positions. Further studies on these bands are in progadopted the value 4.10 X lo-lx em-1/molecule cm-2 at ress at the Laboratoire de M&orologie Dynamique and at the Jet Propulsion Laboratory2a and will be incor-296 K."" That value is -10% lower than the experimental determination of McKean and Schatz":; one can porated in the compilations in the future.
remark that these authors indicated that their experiThe perpendicular 1'4 and the parallel 21~2 bands of mental errors were too high by 20%. Moreover, recent ammonia from 5 to 8 pm were also added to the comdeterminations2s of a single line strength in the 1~~ band pilation.
Theoretical details of these and the above of NH3 using laser techniques show that the value given bands can be found in Refs. 21 and 25. in Ref. 27 should be too high because of the 219 band, 
No.of 
Because both isotopic species of chlorine have nonzero nuclear spin, the data must contain the nuclear spin quantum numbers for the states, i.e., F',F". These appear in the data as a branch letter for the transition (P,Q,R) given by F' -F" and the nuclear spin quantum number of the lower state F". They occur between the vibration state quantum numbers and the branch and lower state J for the rotational transition as shown in Table II (c). In each species, lines having the same frequency to within 1 X 10m5 cm-', the same rotational and nuclear quantum numbers but different symmetry, were coalesced into one line. For these lines the symmetry designation + or -was dropped, the frequency and lower-state energy averaged, and the line intensities added to produce the coalesced line. The frequencydependent cutoff (Appendix A) was applied to the data; the criteria from the main isotope were 1.00 X 10wz6 em-1/molecule cme2 at 100 cm-'. The (1-O) fundamental chlorine monoxide is unchanged from the 1980 AFGL trace gas compilation,' except that the line positions were recalculated using the Hamiltonian constants determined from the highresolution study of Maki et a1. 45 Carbonyl sulfide (OCS) pure rotation bands for the isotopic species: 1s012C32S, 16013C32S, *s012C34S, and 1s012C32S, were added to the atlas. The frequencies and lower-state energies were calculated using the standard linear triatomic molecule formulas (for example, see Ref. 46 ) including the hyperfine interaction. The molecular parameters were determined by a least-squares fit to the data sets of Dubrulle et al. 47 and Lovas.48 The positional accuracy is J dependent and generally better than 0.005 cm-'. The line intensities were calculated using the dipole moment reported by Reinartz and Dymanus4g for 1s012C32S. For the less abundant species (624,632, and 822 in the AFGL isotopic code) the dipole moment was assumed to be the same as the parent species. The resulting intensities are accurate to -5%.
The pressure-broadened halfwidth was set at a default value 0.07 cm-'/atm as discussed in Ref. 44 .
The new formaldehyde (H&O) data are for the pure rotation band. Three isotopic species are present in these data; H212C160, the main isotope, and the minor species H213C160 and H212C180 (136 and 128). The experimental data are summarized in Ref. 3 . Formaldehyde is an asymmetric rotor, thus the rotational energy and transitions are obtained by solving the basic rigid asymmetric rotor Hamiltonian plus terms representing centrifugal distortion.
Here the Hamiltonian formulation of Kirchhoffs2 was used to evaluate the rotational and centrifugal distortion constants for H&O.
For the isotopes 126 and 136, roughly 600 lines for each are calculated in the O-l0O-~m-~ region; for 128 there are -450 lines calculated from 0 to 50 cm-'. The line positions are accurate to 0.005 cm-', with the accuracy increasing to 0.00005 cm-1 for very low J transitions. The line intensities are accurate to -2-5%; the dipole moment value used in the calculation was taken from the measurement of Kondo and Oka.se
The remaining molecular species identified as 21-28 in Table I are new to the trace gas compilation.
Two vibration-rotation bands of hypochlorous acid (HOCl) were considered for this atlas. The molecule is of interest in stratospheric monitoring because of its role as a chlorine sink in the atmosphere.
The bending mode at 1238 cm-' was investigated by Sams and Olson.51 One should consult the latter reference for the estimated precision of the line positions. Unresolvable multiplets have been coalesced as described previously in the section for nitric acid. The intensities for this band were based on measurements performed at the National Bureau of Standards.s2
The HOC1 ~1 band in the 2. Hydrogen cyanide (HCN) has been detected in both the troposphere57 and stratosphere."* This molecule is known to contribute in certain spectral regions to temperature profile retrieval.5g The pure rotation bands of H1"C14N and H12C15N from the JPL catalog," edition 2, have been added to the atlas. Because of the nonzero nuclear spin of 13C, 14N, and '"N, the hyperfine interaction between the nuclear electronic quadrupole and spin rotation is included in the calculations.
The molecular constants were de-tational transitions were calculated using the constants of Gille and Lee.:l" The ground-state energy levels are the same as those calculated for 1'4 (see Ref. 25) . Absolute line intensities have never been measured in the 2~2 band. An analysis of the atmosphere of Jupiter gives the value of 1.03 cm-'/atm cm at 296 K for the 2~2 band, and this value has been adopted. This band intensity is not applied to the R-branch individual line intensities.
Indeed, the relatively large intensity (for an overtone band) of the 2~2 R-branch is to be contrasted to the weak Q-and P-branches. This anomalous intensity pattern is a result of the Coriolis interaction between the 2Yg and the u4 rotational levels, since these two vibrations are only 29 cm-' apart. As for the ~4 band, we must take into account the influence of those interactions in the intensity expressions. Thus the line intensities we give must be considered at best as preliminary results, and more theoretical and analytical works remain to be done.
A halfwidth value of 0.075 cm-'/atm at 296 K has been adopted for all updated NH3 bands on this edition.
The rotational spectrum of nitric acid (H14N1603) was replaced on the atlas. The data are from the revised JPL catalog3 and consist of lines generated by constants obtained by fitting to lines with J 5 40 from the observed nitric acid data of Cazzoli and DeLucia.sl The fit to the data was in terms of Kirchhoffss2 formulation of the asymmetric rotor Hamiltonian of Kivelson and Wilson. 33 The accuracy of the rotational transitions is generally better than 0.0001 cm-'. The dipole moment was taken from the measurements of Cox and Riveros,34 and the partition function was determined by a sum over states to J = 40. The resulting line intensities are accurate to 3-5s. Because of the small separation between many groups of lines for this molecule, the spectra are very dense (7259 lines in the 041-cm-' range). Many of the lines differ in frequency by an amount not observable in field and some laboratory experiments.
To facilitate the use of the atlas we coalesced some groups of lines into single lines. The criterion for coalescing is: a pair or group of lines separated in frequency by <l X 10e5 cm-' has been coalesced if the lines have the same rotational quantum numbers, J' = J" and Ki = KI, with Kh z Ki, or Kh = Ki, with KL # Ki. This occurs in the data for groups of 2,3, and 4 lines. The resulting line is composed of the average of the frequencies and lower-state energies of the parent lines (these are usually the same as in the individual lines), and the line intensity is the sum of the individual line intensities of the parent lines. The quantum numbers that differed in the parent line (either K, or K,) are replaced by a blank, thus allowing lines resulting from coalescing to be identified in the atlas. An example of coalescing is given in Table II(b) . The data were reduced to 4186 lines by coalescing.
A frequency-dependent intensity cutoff (see Appendix A) was applied to the data. The criteria used were 1.02 X 1O-22 cm-'/molecule cmd2 at 41.15 cm-'. The cutoff procedure reduced the data to 4182 lines, to which a constant halfwidth of 0.13 cm-l/atm as reported by Brockman et al.:"' was added.
Line parameters for the 1'2 band at 5.8 pm were recalculated using the Hamiltonian constants of Maki and Wells."6 The set of rovibrational constants for the upper state have been fit to a standard deviation of 0.0012 cm-'. The relative line intensities adopted are consistent with the results of Ref. 36 ; however, laboratory measurements"7 suggest that the absolute line intensities of this band in the present compilation may be too low by -65%.
The 1982 atlas contains microwave data for the ground 2113/2 and 211,,2 states of the hydroxyl radical (OH). Data are for the main isotope OH and for the isotopic species OD and IsOH. A complete description of the calculational method and microwave data is reported in Ref. 38 . The procedure refitted the spectra of OH and OD to all the available data. For ls0H most of the molecular parameters were estimated by isotopic scaling of the known 160H and OD parameters; the more critical molecular parameters of 180H were then fitted to observed transitions. The data account for 125 lines between 0 and 84 cm-' for 160H, 235 lines between 0 and 4 cm-' for 'sOD, and 113 lines between 0 and 10 cm-' for 180H. As discussed in Ref. 1, a constant halfwidth of 0.083 cm-'/atm was added to the data. All lines that have a strength > 10S30 cm-'/molecule cmT2 or are laboratory measurements were retained. The reported strengths are accurate to a few percent. The accuracy of the line positions is J dependent and is better than 0.005 cm-'.
Goldman3g calculated the X211 -X211Au = 1,2, and 3 series of lsOlH through u' = 9. Hamiltonian constants are from Ref. 40 . Intensities are calculated using the individual transition Einstein A coefficients of Mies.41 For the (l-O), (2-l), , and (4-3) bands these individual Einstein A coefficients were scaled to give the band Einstein A coefficients reported by Agrawalla et ~1.~~ Mies' Einstein A coefficients41 were used directly for all other bands. Further normalization will be required for the atmospheric OH bands based on the recent work of Werner et al. 43 No modifications were made to the hydrogen halides for this edition.
Data from the JPL catalog3 for the chlorine monoxide species 35C1160 and 37C1160 are now on the atlas. The data are the pure rotation band of the ground vibrational state for the 211 state of each chlorine man'--oxide species. The molecular constants were determined by fitting the observed spectrum to a finestructure Hamiltonian and a hyperfine Hamiltonian including off-diagonal matrix elements. The observed spectrum below 6.7 cm-l (200 GHz) was from the measurements of Kakar et ~1~~; the spectrum above 6.7 cm-' was from measurements of Cohen and Pickett at the Jet Propulsion Laboratory."
The uncertainties for the transition frequencies of ""Cl0 and "7C10 are Jdependent and increase from 0.00001 cm-' at J = 20.5 to 0.005 and 0.02 cm-l for the isotopes, respectively, at the highest J listed, The partition function for both $1 termined by exact matrix diagonalization of the Hamiltonian fitting to the observed lines reported by Pearson et ~1.~~ Line position accuracy is J dependent ranging from 1 X 10e6 cm-' for the R 0 line of both isotopic species at -3 cm-', to 0.015 cm-l for the R 33 line of H1sC14N at 97 cm-' and 0.003 cm-' for the R 34 line of H12C15N at 100 cm-'. For the calculation of the line intensities the dipole moment was assumed to be the same as for the main isotope, 2.984 D.sl The accuracy of the intensities is =5%. The first fourteen lines of data for H13C14N arise from hyperfine splitting of three lines (RO, RI, and R2). Because the separation of the lines is so small (1 X 10T5 cm-'), the fourteen lines have been coalesced back to the three parent lines. Three lines for the main isotope from the JPL catalog were included in the atlas. These lines contain the hyperfine splitting, and additional quantum numbers appear before the rotational quantum numbers.
The branch letter corresponding to the change in nuclear spin quantum numbers (P,Q,R) and the nuclear spin F of the lower state was added to the data. These lines were retained because their separation is observable in many laboratory and some field experiments.
The remaining lines of the principal isotope were calculated by A. Goldman.
The line parameters of the ~2, 2~2, 2v2-v2, and v3 bands of HCN were also added to the compilation. Line positions for 2~2 were calculated using the Hamiltonian constants of Maki.62 Intensities for 2~2 were calculated using rigid rotor line strengths and are normalized to the band intensity of Smith.63 Line positions for v2 and 2~2 -v2 were calculated using the Hamiltonian constants of Mak?j2 and the band origin from Wang and Overend. 64 The total band intensity of 2v2-v2 was derived from scaling the v:! band intensity of Hyde and Hornig 65 by the 2-D harmonic oscillator matrix element and the Boltzmann factor. Line positions for v3 were calculated using the Hamiltonian constants of Maki.62 The band intensity used is the average of available published values63T66 for this band and is corrected for the -7% contribution from the vg + v2 -v2 band. Line positions for all bands are accurate to f0.005 cm-'. A halfwidth of 0.06 cm-'/atm was adopted for all bands; however, preliminary measurements by Smith67 indicate a J dependence of the halfwidth and that an average value of 0.12 cm-l/atm would be more appropriate.
The parameters for the ~1, ~4, and 3Vs bands of methyl chloride (CH3Cl) around 3.3 pm were provided by Dang-Nhu. 68 This molecule is considered to be a natural source for chlorine in the upper atmosphere. The ~1 band was studied at high resolution by DangNhu et ~1.~~ and is a candidate for detection since the Q branches coincide with a relative gap in the methane spectrum.
The v4 and 3Vs bands were also studied and analyzed using a high-resolution Fourier transform spectrometer. 7o References 69 and 70 should be consulted for an understanding of the reliability of the parameters of these complex perturbed bands. A constant value of 0.08 cm-'/atm was assumed for the halfwidths.
Interest in hydrogen peroxide (HsOs) is related to its prominent role in atmospheric photochemistry. It is expected to be a sink species for odd hydrogen radicals. Although it has been proposed to be in higher concentration than OH, it has yet to be detected in the terrestrial atmosphere or extraterrestrially. The 1's band is the strongest fundamental, and the parameters on the compilation were provided by Hillman.Y1 The line positions for this band were calculated with a general asymmetric rotor program with a fit to some 600 observations. 72 The ground state was constrained to the submillimeter analysis,73 and the standard deviation of the fit is of the order of 0.005 cm-'. Unresolvable multiplets were coalesced on the atlas. The intensities were calculated and are in general agreement with experiment. 72 A value of 0.10 cm-'/atm was assumed for the Lorentz halfwidth.
The linear molecule acetylene (CZHS) was identified in atmospheric absorption spectra.74 Line parameters for the us band were calculated to an estimated accuracy of 0.001 cm-l using the Hamiltonian constants of Hietanen and Kauppinen. 75 The band intensity is based on the value of Varanasi and Bangaru. 76 In the 3-pm region the two strongest bands of acetylene were provided by Rinsland.77 Details of the laboratory study that measured the line positions and intensities are given in Ref. 78 . A constant halfwidth of 0.08 cm-'/atm was applied to this molecule. Interest in ethane (C2Hs) was spurred by its detection in the atmospheres of the Jovian planets. There is also wide interest in this hydrocarbon for remote sensing in terrestrial tropospheric problems.
In this edition of the atlas the ug fundamental has been intro- Finally, two bands of phosphine (PH3), v2 and ~4, were added to the atlas. This species is presently of interest in studies of planetary atmospheres.
The parameters are described in Ref. 81 , and a constant halfwidth of 0.075 cm-*/atm was assumed.
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Appendix A: Frequency-Dependent Intensity Cutoff Criterion Intensity criteria were developed82 for the main IR active constituents of the terrestrial atmosphere by assuming normal concentration of a species and an extreme atmospheric path. The path was taken to be the atmospheric path tangent to the earth's surface and extending from space to space. Lines having <100/o absorption at the line center were omitted from the atlas. Although an absolute line intensity cutoff was established, exceptions were immediately necessary (see Ref. 82) . For trace gas constituents of the atmosphere, similar considerations are not possible because both the notion of concentration and tangent path seemed inappropriate.
As microwave data were added to the atlases it became obvious that the intensity cutoff criterion had to account for the effect of the radiation fields3 in the line intensity at low frequency. The frequency-dependent cutoff developed' to account for this is (Al) where Zi is the standard intensity cutoff (main gases only) at the defined frequency V, (e.g., ZL = 3.0 X 1O-27 cm-l/molecule cme2 and v, = 2000 cm-l for H20), v is the frequency of the line in vacuum wave numbers, c2 is the second radiation constant (kc/k), and TO is the atlas temperature 296 K. The cutoff given by Eq. (Al) is well-defined for the main constituents of the atmosphere, where Zi and v, are known. To use Eq. (Al) for the trace gases a static cutoff intensity Z: and frequency u, must be defined. Care must be taken in defining Z', for Eq. (Al) so that Z(V) goes smoothly into Z', at the cutoff frequency.
The cutoff parameters are determined by using v and Z of the strongest intensity line of the principal isotope from the lines at high frequency in the data. The intensity cutoff is then chosen to be 2 orders of magnitude weaker than this line, and the frequency of this line is v. Thus Using the static intensity cutoff defined by Eq. (A3) along with Y, gives the desired criterion for Eq. (Al) to be applied to the individual line intensities for the trace gases.
